[1] We describe the retrieval of stratospheric NO 2 vertical column densities from the Global Ozone Monitoring Experiment (GOME) aboard the ERS-2 satellite. Different differential optical absorption spectroscopy (DOAS) evaluations are compared in order to investigate uncertainties caused by the diffuser plate. An improved version of our algorithm to separate the tropospheric and stratospheric fraction of NO 2 from GOME satellite data is described and is used to extract a long term data set of stratospheric NO 2 (1996)(1997)(1998)(1999)(2000). In addition, the average seasonal variation in the global distribution is determined, which allows us to monitor and investigate specific aspects of stratospheric chemistry, in particular the interhemispheric comparison of stratospheric NO 2 . In contrast to other satellite observations (e.g., SAGE II, OSIRIS), GOME observations of stratospheric NO 2 include the lower stratosphere. In general, our observations are in agreement with previous measurements and confirm the current knowledge of stratospheric nitrogen chemistry.
Introduction
[2] Nitric oxides (NO x = NO + NO 2 ) are among the most important constituents in stratospheric chemistry. They control the concentrations of odd oxygen (O + O 3 ) either via direct reactions (mainly above 24 km) or via coupling with the reaction cycles of hydrogen and halogen compounds (in the lower stratosphere) (see, e.g., Solomon [1999] ).
[3] We present global data sets of the stratospheric NO 2 vertical column density (VCD, the vertically integrated NO 2 concentration) derived from observations of the Global Ozone Monitoring Experiment (GOME) aboard ERS-2. The observations are analyzed using differential optical absorption spectroscopy (DOAS) [Platt, 1994] . One specific advantage of GOME NO 2 observations is that in contrast to other satellite sensors, GOME is sensitive to the lower stratosphere. In particular in polar latitudes a substantial fraction of the stratospheric NO 2 VCD is located at these low altitudes. Another advantage of GOME observations is its high sampling rate: In polar regions the earth is covered daily; at the equator total coverage is achieved after three days.
[4] From GOME NO 2 observations it is possible to investigate the variation of the stratospheric NO 2 VCD as a function of latitude and season. Our data set thus allows us to monitor and investigate several important aspects of stratospheric chemistry and dynamics, e.g., the Noxon-Cliff, zonal symmetry, or interhemispheric differences. As GOME was launched in 1995, such measurements have been made over the whole globe with the same instrument for nearly 8 years (in this study we present data from [1996] [1997] [1998] [1999] [2000] .
[5] In section 2 we give a brief summary of stratospheric nitrogen chemistry. Sections 3, 4 and 5 outline the details of the data analysis. In section 6 the results are presented and discussed.
Stratospheric Nitrogen Chemistry
[6] The stratospheric chemistry of nitrogen compounds is described in detail in several publications, e.g., Noxon et al. [1979] , Solomon and Garcia, [1983] , Brasseur and Solomon [1986] , and Solomon [1999] . In this section we give a brief overview on the most important reactions and discuss their relevance for GOME measurements of NO 2 . The main source of stratospheric NO x is the reaction of nitrous oxide (N 2 O) with electronically excited oxygen atoms [Brasseur and Solomon, 1986] . N 2 O is produced in the troposphere, and O( 1 D) results from the UV-photolysis of ozone. The major sink for NO is the reaction with ozone. It leads to one of the catalytic ozone destruction cycles [Crutzen, 1970] , which, for altitudes between 24 and 36 km, is the major loss mechanism for ozone [Wennberg et al., 1994] .
[7] In the lower stratosphere, the reaction of NO 2 with halogen (ClO, BrO) and hydroxyl (OH) radicals plays a critical role in moderating the depletion of ozone. Through such reactions, reservoir species like chlorine nitrate and nitric acid (ClONO 2 , HNO 3 ) are formed. The importance of these reservoirs is seen in the development of the ozone hole, where during the polar night two processes occur, that are prerequisites for massive ozone destruction [Solomon et al., 1999] : The transformation of NO x during darkness into longer lived species (denoxification) and the complete removal of oxidized nitrogen (NO y = NO x + NO 3 + 2 N 2 O 5 + HNO 3 + HO 2 NO 2 ) by sedimentation of polar stratospheric clouds (denitrification).
[8] The reaction of NO 2 with ozone forms the nitrateradical (NO 3 ), which accumulates at night and reacts with NO 2 to form the reservoir species N 2 O 5 which can can further be converted to HNO 3 by hydrolysis. When the sunlight returns, NO 2 is produced by the photolysis of the odd nitrogen reservoirs (N 2 O 5 , HNO 3 and ClONO 2 ). On the other hand, NO 2 itself is photolysed during day.
[9] As a result, NO 2 and NO, are in a photochemical equilibrium, known as the Leighton relationship depending on the O 3 concentration and the actinic flux. In particular during sunrise and sunset the NO 2 /NO ratio is higher than during day. N 2 O 5 is accumulated during night and slowly photolysed during day. This leads to a steady increase of NO x during the day. In particular the ratio of the NO x concentrations during sunrise and sunset depends systematically on the duration of the night .
[10] An important consequence of these reactions is that for a given (GOME-) measurement, the relative amount of NO 2 with respect to NO x and NO y depends systematically on the solar zenith angle (SZA) and the duration of the night. As the GOME measurements take place in a nearly polar, sun-synchronous orbit, the SZA for a given observation is mainly a function of latitude (low SZAs occur toward the equator). Therefore for the correct interpretation of the NO 2 VCDs observed by GOME the respective latitude and season have to be taken into account.
Instrument and Differential Optical Absorption Spectroscopy Evaluation
[11] The GOME instrument is one of several instruments aboard the European research satellite ERS-2 [ESA Publication Division, 1995; Burrows et al., 1999] . It consists of a set of four spectrometers that simultaneously measure sunlight reflected from the earth's atmosphere and surface in four spectral windows covering the wavelength range between 240 nm and 790 nm with moderate spectral resolution (0.2 -0.4 nm). The satellite operates in a nearly polar, sun-synchronous orbit at an altitude of 780 km with a local equator crossing time at approximately 10:30 local time. While the satellite orbits in an almost north-south direction the GOME instrument sweeps in the perpendicular east west direction. During one sweep, three individual spectral scans are performed. The corresponding three ground pixels covering an area of 320 km (east-west) by 40 km (north-south) lie side by side (a western, a center and an eastern pixel). The Earth's surface is totally covered within three days, and poleward from about 70°latitude within one day.
[12] From the raw spectra measured by GOME, the slant column density, (SCD, the integrated trace gas concentration along the light path), is determined using differential optical absorption spectroscopy (DOAS) [Platt, 1994] . Details of the DOAS analysis can be found in Wagner [1999] and Leue et al. [2001] . From the inferred differential absorption and knowledge of the absorption cross section, the NO 2 SCD is calculated.
[13] In addition to the measured earthshine spectra, GOME also measures daily direct sunlight spectra. Such spectra are also included in the DOAS fitting procedure to correct for the strong Fraunhofer lines in the measured atmospheric spectra; they are called Fraunhofer reference spectra in the following discussion. These direct solar spectra are recorded via the so-called diffuser plate [ESA Publication Division, 1995] . It was shown by Richter and Wagner [2001] that the reflection of the sunlight at the diffuser plate causes artificial spectral structures which show significant correlation with the absorption structures of several atmospheric trace gases. In particular, the NO 2 SCDs derived from the DOAS fitting procedure are affected by this interference and thus include an (unknown) artificial offset. Moreover, since these spectral features depend on the incident angle of sunlight on the diffuser plate, and since the orientation of the satellite with respect to the sun changes systematically with season, the artificial offset of the NO 2 time series also varies systematically with season [Richter and Wagner, 2001] . For all curves shown in Figure 1 there appears to be a dominant periodic structure, which is similar for different years. Since the structure is also similar everywhere on earth-in particular in both hemispheres-it is unlikely the result of atmospheric NO 2 absorption. Rather, it is most probably an instrumental artifact. For stratospheric observations it is essential to correct for this effect in order to obtain accurate absolute time series.
[14] To verify that the temporal structures shown in Figure 1 are an artifact of the diffuser plate, a second DOAS NO 2 evaluation was performed using only direct sunlight spectra. This DOAS analysis used the same cross sections as the original NO 2 evaluation and the same wavelength interval between 430 and 450 nm. For a common Fraunhofer reference spectrum, the direct solar spectrum from June 1, 1997, was used. In Figure 2 it can be clearly seen that the results mirror the artificial temporal variation. This is significant, since the measured light never passed through the earth's atmosphere. Note that the atmospheric NO 2 VCDs (shown in Figures 1 and 2 ) measured over the continents and over the ocean are averages of many observations (approx. 30000 per day), whereas the artificial diffuser induced NO 2 VCDs represent only one solar measurement per day. This can explain the scatter in the latter.
[15] It should be mentioned here that the diffuser-induced NO 2 variations have virtually no effect on the estimation of tropospheric column densities from GOME observations [Leue et al., 2001; Richter and Burrows, 2002] , since these approaches are based on differences between daily total column maps and estimated stratospheric column maps.
Because the daily solar reference spectrum is used for both maps, the diffuser-induced offset nearly cancels out. However, for the estimation of the stratospheric NO 2 VCD from GOME, the diffuser induced variation must be corrected. Therefore an improved NO 2 DOAS evaluation is applied, using a fixed solar spectrum (from June 1, 1997) for all atmospheric measurements. Figure 3 shows the resulting time series of NO 2 VCDs for the same time period shown in Figure 1 . As seen in this plot, the dominant annual structures have disappeared. The use of a fixed solar reference guaranties that any offset is constant for the whole evaluation period.
Error Analysis
[16] Nevertheless two important problems remain:
[17] a) There is still an unknown (constant) offset of the whole time series of NO 2 VCDs caused by the artificial spectral structure of the selected single Fraunhofer reference spectrum (from June 1, 1997). Although we chose a Comparison of the results of the NO 2 DOAS evaluation of solar spectra (blue triangles) and the difference between the evaluations using the daily measured solar reference, and using a fixed Fraunhofer reference spectrum. This difference was calculated for all pixels lying over land (black squares), whereas the polluted areas with high variability were left out, and for ocean pixels (red circles) separately (a: 1997, b: 1998) . The enhanced scatter of the DOAS analysis using only solar spectra for December 1997 -February 1998 is caused by instrumental problems (see http://earth.esa.int/l2/4/ eeo4.96). See color version of this figure in the HTML. spectrum for which the offset was about the average of the varying offsets of all solar spectra, there is no direct way to quantify this offset. To date, the only feasible way to estimate its value is to compare GOME observations with independent validation data sets (see below). From this procedure we estimate the influence of the selected Fraunhofer reference spectrum to be a decrement of about (2 ± 1.5) Á 10 15 molec/cm 2 . For normal measurement conditions this uncertainty is larger than the random error for a GOME NO 2 analysis of an individual measurement (see also Stutz and Platt [1996] ).
[18] b) Using a fixed Fraunhofer reference spectrum has the disadvantage that the time between an atmospheric observation and the measurement of the Fraunhofer reference spectrum can become very large (up to several years). Because of possible instrumental changes, in particular degradation of the polarization sensitivity in the UV spectral range which can result in interfering spectral structures, the DOAS fitting procedure can produce increasing measurement errors. In the case of our GOME NO 2 analysis it turned out that after the year 1999, the absolute values of the NO 2 SCDs decrease systematically (see, e.g., Figure 3 ), while the relative seasonal and latitudinal cycle remains the same. For the end of 2001 this systematic decrease is up to about 17%. Therefore for the quantitative analysis of the stratospheric NO 2 VCD (see section 6) we only use data from the years 1996 -1998. Please note that it should be possible for improved future DOAS algorithms to correct for the observed degradation in the NO 2 time series. Such improved NO 2 DOAS algorithms are already under development. However, even, if such an improvement is not possible, it will still be an option to combine NO 2 time series derived either with a daily or fixed Fraunhofer reference spectrum to obtain stable long-term time series.
[19] The light reaching the instrument is either reflected from the earth's surface or scattered back from the atmosphere [ESA Publication Division, 1995; Wagner et al., 2001a] . The measured SCD, therefore, depends strongly on the SZA. Typically, SCDs are converted into vertical column densities by dividing the measured SCD by a socalled air mass factor (AMF, defined as the ratio of SCD/ VCD) inferred from radiative transfer modeling (see, e.g., Solomon et al. [1987] , Perliski and Solomon [1993] , Marquard et al. [2000] , Wagner et al. [2001a Wagner et al. [ , 2001b 
where SCD tot denotes the total SCD as derived from the DOAS evaluation, VCD trop , and VCD strat are the tropospheric and stratospheric VCDs, respectively, and AMF trop , AMF strat are the tropospheric and stratospheric AMF, respectively. While AMF trop depends strongly on several properties of an individual measurement (e.g., the tropospheric profile shape, the ground albedo, and the atmospheric aerosol load [Wagner et al., 2001b; Richter and Burrows, 2002] ), AMF strat can be calculated accurately without detailed knowledge of these parameters. For SZA < 85°the uncertainty in AMF strat is <4%. Although for 85°< SZA < 90°the uncertainties are significantly larger, they are still <15% since the rough altitude profile of the stratospheric NO 2 is known. For GOME observations, high SZAs only occur at high latitudes. Thus we calculated AMF strat according to an assumed profile with a maximum NO 2 concentration at 25 km. It should be noted that such a profile should be in sufficient agreement with the true stratospheric NO 2 profiles at high latitudes except during polar night (see, e.g., Mount et al. [1987] ). For polar observations during winter the average altitude of the stratospheric NO 2 maximum can be significantly higher leading to an overestimation of the true stratospheric NO 2 columns by our analysis. We estimate the resulting uncertainty in AMF strat as <15% for 85°< SZA < 90°.
[20] Since in this study we are interested in stratospheric NO 2 columns, we focus on GOME measurements without significant contribution from tropospheric NO 2 (see section 5). Thus the actual value of the tropospheric AMF is of no concern here. However, in an analysis of the tropospheric NO 2 VCD, a detailed AMF correction would be needed [Leue et al., 2001; Wagner et al., 2001b; Richter and Burrows, 2002] .
[21] The total error budget for our GOME stratospheric NO 2 analysis is dominated by three different error sources:
[22] a) The uncertainty in the NO 2 absorption cross section. Here we assume an error of 10% [Burrows et al., 1998 ]. It should be noted that this systematic error applies similarly to all observations. Senne et al. [1996] ) it appears that the GOME NO 2 VCDs in the tropics are too low by about (1 ± 0.75) Á 10 15 molec/cm 2 . Note that the large uncertainty of this offset is mainly caused by the sparseness of tropical stratospheric NO 2 observations and also by the difference in SZA for the different data sets. While ground-based stratospheric NO 2 observations are usually performed during twilight, the SZA during a GOME overpass in the tropics is about 20°, leading to systematically smaller NO 2 VCDs compared to the validation data sets. Assuming an AMF strat of about 2 according to the low SZA during GOME overpass in the tropics we estimate the artificial offset in the selected Fraunhofer reference spectrum to be about (2 ± 1.5) Á 10 15 molec/cm 2 . Since this offset is constant and the SCDs increase toward higher latitudes due to higher SZAs, the relative error caused by this error source decreases toward the poles. For a SZA of 85°it is only about (2 ± 1.5) Á 10 14 molec/cm 2 , one magnitude smaller than in the tropics.
[24] c) The uncertainty in AMF strat is usually small (<4% for SZA < 85°). For SZA > 85°it can become the dominant error source (<15%).
[25] In summary, the uncertainty in the tropics is currently still large (up to 70% because of the artificial offset introduced by the diffuser plate). Depending on SZA the error decreases toward mid latitude and is smallest around SZA = 85°(%10%). It should be noted that improved future validation activities will significantly decrease the uncertainties, especially for mid latitudes and the tropics.
[26] As discussed already, a direct comparison of GOME NO 2 observations with independent data sets is typically limited by the specific SZA during GOME overpasses. An additional limitation for the comparison with satellite NO 2 observations is due to the limited altitude range of several other satellite observations (see, e.g., Solomon et al. [1986] , Chu and McCormick [1986] , Zawodny and McCormick [1991] , Randall et al. [1998] ). Nevertheless, in spite of these limitations we found good agreement and consistency with other stratospheric NO 2 data (see also section 6.3).
Extraction of the Stratospheric NO 2 Vertical Column Density
[27] Since GOME observes the total atmospheric column including the stratosphere and the troposphere, the stratospheric fraction has to be extracted. For that purpose a similar, but improved algorithm is applied as described in Leue et al. [2001] and . The procedure is based on the assumption that most tropospheric emissions occur close to the ground, and these largely determine the tropospheric NO 2 column. More than 90% of the tropospheric NO 2 is produced by industrial emissions, biomass burning events and emissions from the soil (see Lee et al. [1997] ). The remaining 10% are produced by lightning, with a small contribution from ships and aircrafts. Therefore most observed NO 2 columns over water will be dominated by the stratospheric component. The short lifetime of NO 2 in the troposphere (between one and four days) (see Ehhalt et al.
[1991], Leue et al. [2001] , Wenig et al. [2003] ) leads to a rapid decay of the nitric oxides over the oceans in the absence of emission. Two major improvements have been introduced in the new extraction procedure for stratospheric NO 2 VCDs relative to the algorithm presented by Leue et al. [2001] .
[28] a) First, only cloud free observations over the ocean are taken into account in order to avoid the possible detection of lightning produced NO 2 . This is necessary, since lightning induced NO 2 emissions occur in the free troposphere, where GOME observations are more sensitive for lightning induced NO 2 than they are to emissions near the ground. Where plumes exist in the upper parts of clouds or directly above clouds the sensitivity of GOME is additionally enhanced. Selecting observations with low cloud influence minimizes the probability that the total NO 2 VCD contains significant tropospheric contributions.
[29] b) Second, a minimum filter in time for a 15 days period is applied in order to exclude additional single events of enhanced tropospheric NO 2 . Emission plumes from the land, or NO 2 produced by lightning can sometimes also be observed in sea regions [Wenig et al., 2003] . However, it is unlikely that these plumes stay in the same area for long periods of time. The underlying assumption is that plumes, e.g., those produced by lightning or transported from land regions -are temporary events with a lifetime less than 15 days.
[30] In Figure 4 the different steps for the extraction of the stratospheric NO 2 VCD are shown. It should be noted that an estimate of the stratospheric NO 2 VCD over the continents can be derived by interpolating the gaps between the oceans. Such an approach was used by Leue et al. [2001] to extract the tropospheric NO 2 VCD from the total VCD over the continents. However, especially in the winter mid-and high-latitude region, large zonal asymmetries in stratospheric NO 2 can exist, which might interfere with the estimation of the true stratospheric columns over the continents. This finding is especially obvious from global satellite observations like those of GOME. Some examples of the strong zonal asymmetries of the stratospheric NO 2 distribution are shown in the following section.
Results and Discussion
[31] The specific advantages of the GOME observations arise from their global view, their long time series and high sampling rate, and their ability to separate temporal and spatial variations. All three properties allow for investigation and monitoring of specific aspects of stratospheric chemistry.
Spatial Variability
[32] In contrast to ground-based observations, satellites provide measurements over extended areas and thus can give a comprehensive view of the spatial variability of atmospheric trace gases. While at the equator GOME achieves global coverage every three days, for latitudes >70°the earth is covered daily. This is particularly important for the observation of stratospheric NO 2 at polar latitudes during winter. At such times, the formation of polar vortices separates air masses with low NO x inside from high NO x outside the vortex boundary. The resultant D04315 WENIG ET AL.: STRATOSPHERIC NO 2 FROM THE GLOBAL OZONE MONITORING EXPERIMENT gradient is usually referred to as the Noxon-Cliff [Noxon, 1975 [Noxon, , 1978 [Noxon, , 1979 . In the northern hemisphere, the polar vortex is often displaced from the pole, and stratospheric transport patterns can result in strong meridional components. GOME observations allow monitoring of these dynamic variations on a daily basis. In contrast to groundbased observations, they directly reveal the spatial distribution of the NO 2 VCD and the orientation of the [2003] . (b) Filtered pixels using a minimum filter for the 15 day data as described in the text. The NO 2 plume which was transported over the ocean is now filtered out. (c) The remaining GOME NO 2 VCD after excluding the continents and cloud covered measurements. The longitudinal average of these data is used to create the seasonal variation of the stratospheric NO 2 VCD shown in Figures 6 and 7 . See color version of this figure at back of this issue and in the HTML.
D04315 WENIG ET AL.: STRATOSPHERIC NO 2 FROM THE GLOBAL OZONE MONITORING EXPERIMENT
Noxon-Cliff. Figure 5 is a comparison of two selected GOME observations taken one week apart, and demonstrates a strong shift in the location of the polar vortex (containing low NO 2 VCDs). On February 1, 1997, low NO 2 is found up to about 50°N over northern America, but on February, 7, 1997, when the polar vortex moved eastward the NoxonCliff above northern America has moved north of 70°N.
[33] It should be noted (as seen in Figure 5 ) that the total NO 2 VCDs over the continents can also include significant amounts of tropospheric NO 2 . However, during winter at high latitudes, the SZA at the GOME overpass is large, and the sensitivity to the troposphere is accordingly small [Wagner et al., 2001b; Richter and Burrows, 2002] . Furthermore, at high latitudes the amount of tropospheric NO 2 is also relatively small. Thus the total NO 2 VCD at high latitudes is dominated by the stratospheric NO 2 VCD. The complete GOME data set of total and stratospheric NO 2 VCDs can be found at http://satellite.iup.uni-heidelberg.de/.
Global Distribution of Stratospheric NO 2
[34] Figure 6 shows the zonally averaged stratospheric NO 2 VCD as a function of latitude and season. The data are the average of the stratospheric NO 2 VCD extracted as described in section 5 for the years 1996 -1998. The high Figure 5 . GOME 3-day composites of the total atmospheric NO 2 VCD. The low values around the north pole indicate denoxified (and possibly also denitrified) air masses inside the polar vortex. Within about one week the location of these air masses vary strongly. While at February, 1, 1997 low NO 2 is found up to about 50°N over northern America, on February 7, 1997, the Noxon-Cliff has moved north of 70°N. Although over the continents the total atmospheric NO 2 VCD is affected also by tropospheric pollution, such maps indicate the potential of GOME observations for the investigation of temporal and spatial variations of atmospheric trace gases. For comparison geopotential height maps at 30 hPa are shown (from NILU). See color version of this figure at back of this issue and in the HTML.
variability of stratospheric NO 2 with respect to season and latitude is clearly visible. The following specific findings are briefly discussed:
[35] a) The highest NO 2 VCDs are found during polar day in both hemispheres [see also Noxon, 1978 Noxon, , 1979 . Under these conditions the long-lived reservoir species N 2 O 5 and HNO 3 are nearly completely converted into NO x . In addition, for the time of the GOME overpass, the relative fraction of NO 2 is increased relative to NO because of the high SZA. These measurements clearly indicate the sensitivity of GOME observations to the total stratospheric column, particularly the lower stratosphere. Usually, satellite limb measurements are limited to higher altitude levels and miss a significant fraction of the total stratospheric NO 2 column in polar regions (see, e.g., Solomon et al. [1986] , Chu and McCormick [1986] , Zawodny and McCormick [1991] , Randall et al. [1998] ).
[36] b) The lowest NO 2 VCDs appear in polar winters because during these times denoxification and denitrification lead to a strong decrease in NO x [Noxon, 1979; Solomon, 1999] .
[37] c) A second minimum appears in the tropics. This is mainly caused by the fact that, in this region, N 2 O-rich air enters the stratosphere [Noxon, 1979] . The subsequent conversion into NO y takes place during the transport toward the poles leading to increasing NO 2 VCDs outside the tropics. In addition, the higher altitudes of both the tropopause and the peak of the stratospheric NO 2 profile cause a smaller NO 2 VCD, if the NO 2 mixing-ratio profile is assumed fixed. Finally, the low SZA during the GOME overpass in the tropics leads to a high photolysis of NO 2 .
[38] d) The effect of the photolysis rate on stratospheric NO 2 column densities can also be seen in the decreased equatorial values when the sun is near the zenith around equinox in March and September. At these times, the NO 2 values are less than near solstice in June and December. The photolysis of NO 2 requires light in the UV-range (200 -400 nm), and the intensity of these shorter wavelengths is increased when the solar zenith angle is low.
[39] e) There are several asymmetries between both hemispheres. In particular, the magnitude and duration of the denoxification and denitrification is larger over Antarctica, due to the more stable polar vortex there. Furthermore, the NO 2 VCD over mid latitudes is higher over northern mid latitudes. Both effects are discussed in more detail in section 6.3.
The Noxon Cliff
[40] In Figure 7 the stratospheric NO 2 VCD is shown as a function of latitude for selected months and years. The data are also extracted from the total GOME NO 2 VCD as described in section 5. Figure 7a displays monthly averages for the year 1997. The seasonal cycle of stratospheric NO 2 is clearly visible, in particular the steep decrease in the NO 2 VCD toward polar latitudes in winter. The northern hemispheric occurrence of this steep decrease, the so-called Noxon-Cliff, is indicated by the gray box. The yellow curve shows the total NO 2 VCD at 105°longitude. At this longitude (above the American continent), the stratospheric NO 2 gradient is much steeper than over the oceans. This reflects the strong zonal asymmetry of stratospheric NO 2 at mid-and high-latitudes during winter. However, it should be noted that part of the enhancements south of 50°N are also due to tropospheric NO 2 (see also Figure 5 ). This fact presents a fundamental limitation to the extraction WENIG ET AL.: STRATOSPHERIC NO 2 FROM THE GLOBAL OZONE MONITORING EXPERIMENT of stratospheric NO 2 VCDs from GOME total column observations over continents.
[41] Figure 7b shows the three year (1996-1998) averages for February and August. In these months the Noxon-Cliff is usually most pronounced in the Arctic and Antarctic, respectively. Besides a general similarity in both hemispheres, several significant differences are also obvious: The Noxon-Cliff is steeper in the southern hemisphere, mainly indicating a more stable polar vortex and a less pronounced meridional component of the stratospheric transport patterns. The absolute values of the NO 2 VCD inside the polar vortex are much smaller in the southern hemisphere due to stronger denoxification and denitrification. For winter mid latitudes the NO 2 VCD is larger in the northern hemisphere. The reason for this is currently not totally clear to us. At least part of this effect might be caused by an imperfect removal of the tropospheric NO 2 component (see section 5).
[42] Figure 7c shows an original Figure from Noxon [1979] . It displays several ground-based observations made at different latitudes indicating the sharp decrease in the NO 2 VCD north of 45°N in February. These observations agree qualitatively with the GOME observations presented in Figures 7a and 7b . In particular the Noxon-Cliff in February is very similar to the GOME observation at 105°l ongitude (yellow curve in Figure 7a) . A detailed quantitative comparison (also to other data sets), however, is limited by the differences in SZA for the GOME observations and other data sets. In the tropics, GOME observations are made for a SZA around 20°while the ground-based observations were performed during sunset and sunrise Noxon, 1979 Noxon, , 1980 .
Temporal Variations Extracted From the Long Term NO 2 Data Sets
[43] Despite limitations in the NO 2 time series introduced by long-term instrumental degradation (see section 4), it is possible to investigate systematic periodic features of stratospheric NO 2 . One of the most interesting periodic patterns is the quasi biennial oscillation (QBO) [Ebdon and Veryard, 1961; Reed et al., 1961; Dunkerton and Delisi, 1985] . The influence of the QBO on stratospheric O 3 has been demonstrated in several studies, including satellite observations [Funk and Garnham, 1962; Hasabe, 1983; Lait et al., 1989] . A QBO signal on stratospheric NO 2 was also extracted from SAGE-II observations by Zawodny and McCormick [1991] . They found that, in contrast to O 3 , the tropical NO 2 concentration varies in phase with the QBO for the whole stratospheric column. Accordingly, they were et al. [1979] . According to a correction to this paper [Noxon, 1980] , the values have to be scaled by a factor of 1.25 and 1.6 for the open circles and the solid circle at 13°S. In general, a good qualitative agreement of the GOME data with those of Noxon et al. [1979] (and other data sets) is found. However, a detailed quantitative comparison would require the use of photochemical models to correct for the differences in SZA. In particular during the GOME overpass in the tropics the SZA is about only 20°. See color version of this figure in the HTML. able to extract a QBO related amplitude of about 10% for the variation of the stratospheric NO 2 VCD (and an even higher value of about 20% for the altitude range around 28 km). From their observations Zawodny and McCormick [1991] concluded that the NO 2 -QBO signal was mainly caused by the modulation of the vertical transport of NO y by the QBO. In a quick analysis we also extracted a 6-year time series of GOME NO 2 VCDs around the equator. We found a pronounced periodic structure with a quasi-biennial period of in the six-year time series. However, so far no clear (anti-) correlation with the stratospheric QBO zonal wind index was obvious and a more sophisticated frequency analysis in order to account for the seasonal effects (see, e.g., Zawodny and McCormick [1991] ) should be applied to our data. Such detailed investigations of the QBO signal in the GOME stratospheric NO 2 VCDs will be the subject of future investigations.
Conclusions
[44] We presented a new data set of absolute stratospheric NO 2 VCDs from GOME observations using a fixed direct solar spectrum as Fraunhofer reference. With this method we are able to correct for the temporal structures caused by the so called GOME diffuser plate problem [ESA Publication Division, 1995; Richter and Wagner, 2001] . The resulting time series are much smoother and represent the natural variability of stratospheric NO 2 . The remaining problems of our method include a still unknown (constant) offset of the whole time series, which is strongest for tropical regions because of the low SZA for GOME observations there. From comparison with independent data sets we conclude that the resulting error in the tropics can be up to 70%, but might be easily reduced when better validation data are available. The smallest error (<10%) in the derived stratospheric NO 2 VCD appears for SZA around 85°; for larger SZA the total error can be dominated by the uncertainties of the AMF. An improved version of our algorithm [Leue et al., 2001 ] to separate the tropospheric and stratospheric fraction of NO 2 from GOME satellite data is described and is used to extract a long-term data set of stratospheric NO 2 (1996 -2000) .
[45] Because of the high sampling rate of GOME (global coverage is achieved after 3 days at the equator and after 1 day for latitudes >70°) GOME observations are well suited to investigate the temporal and spatial variability of atmospheric trace gases. In contrast to other satellite observations GOME observations of stratospheric NO 2 have the advantage that the total column, including the lower stratosphere, is measured. In particular, the variations in the NO 2 VCD caused by the active dynamics of the winter polar and midlatitude stratosphere can be studied on a quasi-daily basis. In addition, we determined the average seasonal variation in the global distribution, which allows us to monitor and investigate specific aspects of the stratospheric nitrogen chemistry, in particular the interhemispheric comparison of the stratospheric NO 2 VCD. We found that the stratospheric NO 2 VCD in polar winter is systematically smaller in the southern hemisphere than in the northern hemisphere. Also the duration of the denoxification and denitrification is significantly longer over Antarctica, indicating a much more stable polar vortex in the southern hemisphere. A first attempt to extract a QBO signal in the tropical long time series of GOME stratospheric NO 2 yielded a clear quasibiennial variation; however, so far we found no clear (anti-) correlation with the stratospheric QBO zonal wind index. Detailed investigations of a QBO signal in the long time series of the GOME stratospheric NO 2 VCD will be the subject to future studies. In general, our study are in agreement with previous observations and confirm the current knowledge of stratospheric nitrogen chemistry. Figure 4 . The improved extraction of the stratospheric fraction of the total NO 2 VCD starts with a composite of 15 days. Here, as an example the data from 3 -17 May is used to estimate the stratosphere of 10 May. (a) Mean image of these 15 days. An emission plume transported eastward of South Africa can be observed. A detailed analysis of this transportation event has been performed by Wenig et al. [2003] . (b) Filtered pixels using a minimum filter for the 15 day data as described in the text. The NO 2 plume which was transported over the ocean is now filtered out. (c) The remaining GOME NO 2 VCD after excluding the continents and cloud covered measurements. The longitudinal average of these data is used to create the seasonal variation of the stratospheric NO 2 VCD shown in Figures 6 and 7. D04315 WENIG ET AL.: STRATOSPHERIC NO 2 FROM THE GLOBAL OZONE MONITORING EXPERIMENT D04315 Figure 5 . GOME 3-day composites of the total atmospheric NO 2 VCD. The low values around the north pole indicate denoxified (and possibly also denitrified) air masses inside the polar vortex. Within about one week the location of these air masses vary strongly. While at February, 1, 1997 low NO 2 is found up to about 50°N over northern America, on February 7, 1997, the Noxon-Cliff has moved north of 70°N. Although over the continents the total atmospheric NO 2 VCD is affected also by tropospheric pollution, such maps indicate the potential of GOME observations for the investigation of temporal and spatial variations of atmospheric trace gases. For comparison geopotential height maps at 30 hPa are shown (from NILU).
D04315 WENIG ET AL.: STRATOSPHERIC NO 2 FROM THE GLOBAL OZONE MONITORING EXPERIMENT D04315 Figure 6 . Mean annual cycle of the stratospheric NO 2 VCD. Each pixel represents daily zonal mean values (with 0.5°binning) as described in Figure 4 and section 5. For this visualization NO 2 data from 1996 to 1998 has been utilized. The contour lines are in units of 10 15 molecules/cm 2 .
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